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Introduction
An ability to predict and to control the crystallization of metallic and silicate glasses is often critical for the preparation and maintenance of desirable mi- 
Non-steady-state nucleation rates
Generally, the nucleation rate of crystals in a glass is taken to be constant at the steady-state value, 1_. If true, the number of nuclei produced in a unit volume, N_, should then scale linearly with time. In many silicate and some metallic glasses, however, a nonlinear behavior is often found (Fig. l(a) 
where k, + and k,7 are the forward and backward rate constants, respectively, which are proportional to the difl'usion coefficient in the initial phase, and N,,., is the number of clusters at time t containing n monomers.
The rates and cluster densities are governed by the work of cluster formation, g,,, which for spherical clusters containing n monomers and having a sharp interface with the initial phase can be written approximately as W, = ncJ/L + (36_z)1 3/":_3n2"3o"
where c_/_ is the Gibbs free energy per monomer of the new phase less that of the initial phase, /_is the molecular volume and a is the interracial energy per unit area.
The nucleation rate,/, .... is defined as the flux in clustersize space; in the most general case, it is a function of both time and the cluster size at which it is measured, Z,,., = _,,,,k,, + -X,, +,.,k,, +,
Given sufficient time, the cluster density evolves by the mechanism described in Eq. (1) 
Johnson-Mehl-Avrami-Kolmogorov (JMAK) analysis
In the very early stages of polymorphic crystallization (i.e., no compositional change) of glasses, overlap between the different transformed regions can be ignored and the volume fraction crystallized can be written as
Here, Vo is the sample volume, l(r) is the time-dependent nucleation rate and g(t') is the time-dependent growth rate. As the crystallized regions become larger, they eventually impinge and alter the transformation kinetics.
If the sample size is much greater than any individual transformed region and if growth proceeds homogeneously throughout the sample, with spatially random nucleation, then the effect of impingement on the kinetics can be computed statistically to yicld the familiar JMAK expression [15, 16] , i.e., x(t)= lexp(-x,(t)). For interface-limited growth and a constant nucleation rate:
Often, a general form of this type is assumed to describe isothermal phase transformations in other eases: q_n (C/rain) Fig. 3 . The effect of scanning through the nucleation zone at different rates on the DSC/DTA peak parameters. For 425 450 particles: data (11) and (_); calculation (--). For 850 1170 particles: data (i); calculation (--). Calculations in (a) and (c) are for spherical parlicles; I'd) (e) assume ellipsoidal particles with eccentricity (I, ½,½)(from [25] Fig. 4(a) ). Fig. 4(c) ); two peaks are even predicted when q_ = 0.5°C min _. Fig.   4(d) shows the number of nuclei produced as a function of temperature for different annealing treatments; this complex behavior is a result of the relaxation of the more similar ( Fig. 5(a) As illustrated in Fig. 5(b 
